Early development in Xenopus laevis is programmed in part by maternally inherited mRNAs that are synthesized and stored in the growing oocyte. During oocyte maturation, several of these messages are translationally activated by poly(A) elongation, which in turn is regulated by two cis elements in the 3' untranslated region, the hexanucleotide AAUAAA and a cytoplasmic polyadenylation element (CPE) consisting of UUUUUAU or similar sequence. In the early embryo, a different set of maternal mRNAs is translationally activated. We have shown previously that one of these, C12, requires a CPE consisting of at least 12 uridine residues, in addition to the hexanucleotide, for its cytoplasmic polyadenylation and subsequent translation (R. Simon, J.-P. Tassan, and J. D. Richter, Genes Dev. 6:2580Dev. 6: -2591Dev. 6: , 1992 for cytoplasmic polyadenylation at times up to the gastrula stage. This RNA also required a poly(U) CPE for cytoplasmic polyadenylation in embryos, but in this case the CPE consisted of 18 uridine residues. In addition, the timing and extent of cytoplasmic poly(A) elongation during early embryogenesis were dependent upon the distance between the CPE and the hexanucleotide. Further, as was the case with C12 RNA, Cli RNA contains a large masking element that prevents premature cytoplasmic polyadenylation during oocyte maturation. To examine the factors that may be involved in the cytoplasmic polyadenylation of both C12 and Cli RNAs, we performed UV cross-linking experiments in egg extracts. Two proteins with sizes of -36 and -45 kDa interacted specifically with the CPEs of both RNAs, although they bound preferentially to the C12 CPE. The role that these proteins might play in cytoplasmic polyadenylation is discussed.
Maternally inherited mRNAs are in large part responsible for the pattern of early development in many organisms. These transcripts are synthesized and stored in a translationally dormant form in the growing oocyte and are activated during oocyte maturation, at fertilization, or in early embryogenesis. Although no single mechanism regulates the translation of maternal mRNAs (29) , it is clear that cis elements in the 3' untranslated region (3'UTR) play an important role in this process. Such cis elements have a variety of functions that effect mRNA translation, such as message localization, masking, and polyadenylation. In Drosophila melanogaster, for example, the correct localization of certain mRNAs is crucial for their translation and consequent pattern formation (reviewed in references 19 and 37). In one case, nanos RNA, a maternal transcript that is normally confined to the posterior pole of the embryo, contains an element in its 3'UTR that is necessary for this localization (8) . When this element is deleted, the RNA is distributed throughout the embryo. Although this nonlocalized RNA is stable, it is not translated. This could be due to the action of a specific translational repressor, which may be removed by the posterior pole localization apparatus and thus allow nanos mRNA translation in that region of the embryo (9) .
Translational control also plays an important role in the development of Caenorhabditis elegans (1, 2, 6, 11) . tra-2 mRNA, whose product is required for oocyte development in hermaphrodite animals, contains an element in its 3'UTR that can be negatively regulated. Under such regulation, no tra-2 protein is produced; as a consequence, the germ cell lineage's end product is sperm rather than oocyte production. The sequence within the tra-2 mRNA 3'UTR that is under negative control is composed of two 28-base direct repeat elements, whose interaction with a specific factor may effect translational repression (11) .
Although the cis elements governing mRNA localization and repression of translation vary widely (reviewed in references 19 and 35) , those activating translation by polyadenylation appear to be more conserved. For example, a number of mRNAs that are translationally dormant in oocytes contain poly(A) tails that are relatively short (20, 39) . Following the induction of oocyte maturation, the poly(A) tails are elongated to 150 nucleotides or greater, and the RNAs then assemble into polysomes (20, 26, 36) . Generally, the sequences controlling maturation-specific polyadenylation, at least in Xenopus laevis and mice, are the hexanucleotide AAUAAA and UUUUUAU or a similar cytoplasmic polyadenylation element (CPE) (7, 20, 26, 31) . Other maternal mRNAs in X laevis are translated in the early embryo (18, 24, 25) , and in at least one case, it also is controlled by cytoplasmic poly(A) elongation. C12 RNA begins to undergo poly(A) addition about 1.5 h after fertilization and continues up to the blastula stage 6 h later (33) . Polyadenylation of this RNA is regulated by both a CPE consisting of a poly(U) sequence and a hexanucleotide sequence in the 3'UTR. Two additional features of C12 RNA determine when this RNA is polyadenylated and translated during development. First, the number of nucleotides, but not 7868 SIMON AND RICHTER a specific sequence, between the CPE and the hexanucleotide determines the time during embryogenesis when the RNA is polyadenylated; the shorter the distance is, the earlier polyadenylation occurs after fertilization. Second, a masking element spanning up to 468 nucleotides prevents precocious polyadenylation during oocyte maturation. When this element is deleted, the RNA is prematurely polyadenylated. Thus, the factors that promote poly(A) elongation of C12 RNA are present and active during oocyte maturation but are inhibited by the masking element (33) .
In this study, we have sought to determine whether the embryonic poly(U)-type CPE and masking element present in C12 RNA also control polyadenylation in other RNAs. Here we show that Cli RNA (38) has a poly(U)-type CPE that is necessary for cytoplasmic polyadenylation in Xenopus embryos. As is the case with C12 RNA, the distance between the CPE and the hexanucleotide sequence has an important function in determining the timing of Cli polyadenylation. Finally, Cli RNA also contains a large masking element in its 3'UTR that prevents polyadenylation during maturation. Furthermore, we have identified two proteins with sizes of 36 and 45 kDa that photo-cross-link specifically to the CPEs of both Cli and C12 RNAs. How these proteins might be involved in the regulation of cytoplasmic polyadenylation is discussed.
MATERIALS AND METHODS
Plasmid constructs. Plasmids Cl2A1-74 (containing all regulatory cis elements), Cl2A1-454 (containing the wild-type CPE and the hexanucleotide), Cl2Ai-470,488-504 (12 uridine residues in the CPE), Cl2A1-470,486-504 (10 U's), Cl2A1-470,485-504 (9 U's), Cl2A1-504 (no CPE), and Cl2Al-454,515-S59AAUAAA (closer proximity of CPE and hexanucleotide) are described in reference 33. Plasmid Cl2Al-454,515-559 was constructed by digesting plasmid Cl2Ai-454, substitution 515-535AAUAAA(a), a construct with nonspecific sequences between the CPE and the hexanucleotide (35) , with NcoI (located between the CPE and the hexanucleotide) and EcoRI (located downstream in the vector); the larger fragment containing the CPE sequence was filled in with the Klenow enzyme and relegated. Plasmid Cl2Al-454,480-559 was made by digesting plasmid Cl2Al-454 with NheI (just upstream of the CPE) and EcoRI (located downstream in the vector); the larger fragment, which contained only a few C12 sequences upstream of the CPE, was filled in with Klenow enzyme and relegated. Plasmids Cl1-3'UTR, Cl1A1-179, CliA1-219, and Cl1lA235-5OSAUUAAA were constructed by PCR using the following oligonucleotides and a subclone of the Cli cDNA (38) sequences of this region (Cl11-179, C11A287-468, and Clil1-219; Fig. 1 ). Five embryos were collected at 0 (one-cell stage), 3 (large-cell blastula, 64 blastomeres), 6 (fine-cell blastula, >4,000 cells), 9 (initial gastrula stage), and 12 (blastopore stage; stages defined by Nieuwkoop and Faber [23] ) h after injection, and the RNA was extracted and analyzed for polyadenylation on a 5% denaturing gel and then by autoradiography. As a control, we also injected Cl2A1-74 RNA, which we have previously shown to be polyadenylated during early Xenopus embryogenesis (33) . Cl1-3'UTR RNA and CllA1-179 RNA, which contains 326 3'-terminal nucleotides, both received poly(A) tails of -80 A residues by 12 h of embryogenesis. This is similar in length to the poly(A) tail received by C12 RNA by 6 h of embryogenesis (Fig. 1) . However, Cl1A1-219 RNA, which lacks 18 U residues but otherwise contains mostly the same sequences as Cl1l1-179 RNA, was not polyadenylated (Fig. 1) . Deletion of sequences 3' of the poly(U) region (CllA287-468) did not prevent poly(A) elongation of Cli RNA (Fig. 1) . Thus, these data show that poly(U)18 functions as a CPE for Cli RNA during embryogenesis.
The distance between the CPE and the hexanucleotide in the 3'UTR regulates the timing of cytoplasmic polyadenylation during early embryogenesis. Although Cli and C12 RNAs use poly(U) as a CPE and are polyadenylated to similar extents, there is some difference in the timing of the polyadenylation reaction. Cli RNA is polyadenylated only by about 50% at 9 h and finally 100% at 12 h postinjection. C12 RNA, on the other hand, is 100% polyadenylated by 6 h (Fig. 1) and the hexanucleotide, we thought that a similar situation could also occur with ClH RNA. For example, the C12 CPE is located 54 nucleotides upstream of the 3' end, whereas the CPE of Cli RNA resides 286 nucleotides upstream of the 3' end. To assess whether the differences in the timing of polyadenylation between ClH and C12 RNAs could be due to the distance between the CPE and the hexanucleotide in the 3' UTR, we deleted 181 (Cl1A287-468) and 270 (C11A235-505AUUAAA) nucleotides between the CPE and the hexanucleotide of the Cl1-3'UTR and injected the in vitro-synthesized RNAs into fertilized eggs. The RNAs were then analyzed at 0, 1.5, 3, 4.5, 6, 9, and 12 h after injection. C11A287-468 RNA was 50% polyadenylated by 3 h after injection, compared with about 50% at 9 h for the wild-type Cli 3'UTR (CliA1-179; Fig.  2 ). This timing of polyadenylation was similar to the one observed for the wild-type C12 3'UTR (Cl2A1-74; Fig. 2 ). Cl1A235-505AUUAAA RNA, which contains only 14 nucleotides between the CPE and the hexanucleotide, was 100% polyadenylated by 1.5 h after injection. In addition, this RNA received a poly(A) tail of up to approximately 120 A residues, compared with a maximum poly(A) tail of 80 residues for the wild-type 3'UTR (Fig. 2) . Moreover, this extensive polyadenylation was similar to that for Cl2A1-454,515-559AAUAAA RNA (Fig. 2) , which contains only 10 nucleotides between the CPE and the hexanucleotide. Thus, these results demonstrate that the distance between the CPE and the hexanucleotide has important consequences for the timing and extent of cytoplasmic polyadenylation during early Xenopus embryogenesis and is at least partly responsible for the differences in the timing of polyadenylation between Cli and C12 RNAs.
Cll RNA contains a masking element to prevent cytoplasmic polyadenylation during oocyte maturation. Although endogenous Cli and C12 RNAs are polyadenylated during embryogenesis, neither is polyadenylated during oocyte maturation (24, 33) . At least for C12 RNA, the switch in developmental control of polyadenylation is regulated by a large masking element that precludes precocious polyadenylation and subsequently translation. To determine whether a masking element also prevents the polyadenylation of Cli RNA during oocyte maturation, we injected in vitro-synthesized Cl1-3'UTR, ClIA1-179, Cl1A1-219, and C11A287-468 RNAs into stage VI oocytes, which were then incubated in the absence or presence of progesterone, the natural inducer of meiotic maturation. As a control RNA, we injected Cl2A1-454 RNA, which lacks the C12 masking element and therefore should be polyadenylated during oocyte maturation. The maturing oocytes were collected as soon as a white spot was visible at the animal pole or at most 6 h after injection. RNAs Cl1-3'UTR, Cl11A-i79, and CliA1-219, all of which contained the most distal 3' region of the 3'UTR, did not gain a poly(A) tail during this time (Fig. 3) . Figure  4A shows that although several proteins cross-linked to the two RNAs, two prominent proteins with molecular sizes of 36 and 45 kDa bound to both. To investigate whether these two proteins bind to the poly(U) CPE, we performed a crosslinking experiment using Cli RNAs with 18 (Cll-3'UTR and Clil1-i79) or 0 (CliAl-219) uridine residues in their CPEs. Only the RNAs containing the poly(U) CPE were able to interact with the 36-and 45-kDa proteins (Fig. 4B) , suggesting that these proteins cross-link specifically to the CPE.
To examine further the binding specificities of the 36-and 45-kDa proteins, we performed cross-linking experiments with C12 RNAs that contained progressively fewer U residues in the CPEs (Fig. 4B and C) antisense RNAs with radioactively labeled Cl2A1-454 RNA to egg extract, which was then subjected to UV irradiation. Figure  SA shows that Cl2A1-454 RNA, which contains a CPE with 27 U residues, competed very well with itself, but competitor RNAs containing only 10 or 9 U residues show substantially reduced competition for binding. No competition for binding of the 36-and 45-kDa proteins was observed with an RNA containing no CPE. Similar competition studies were carried out with an antisense RNA that covered the 105 3'-terminal sequences of C12 RNA including the CPE and the hexanucleotide (Fig. 5B, RNA a) and truncated versions of this RNA (Fig. SB, RNAs b to d) As we have shown, the 36-and 45-kDa proteins bind to the CPEs of both ClI and C12 RNAs. To examine whether the proteins bind to these CPEs with the same avidity, we performed a competition experiment with the two RNAs (Fig.  6A) . First, Cl2A1-74 RNA containing a CPE with 27 uridine residues was radiolabeled and mixed with increasing amounts of the same unlabeled RNA or unlabeled Cl1-3'UTR RNA (CPE with 18 uridine residues) and then added to an egg extract for UV cross-linking. As before, Cl2A1-74 competed with itself for binding. However, Cl1-3'UTR did not compete well even at the highest level of competitor RNA (50-fold molar excess). In a reciprocal experiment, Cl1-3'UTR was radiolabeled and mixed with unlabeled Cl1-3'UTR and Cl2A1-74 RNAs. While C11-3'UTR RNA competed with itself Competition analysis among Cl1-3'UTR and RNAs containing 10, 9, and no U residues. Ten nanograms of radiolabeled Cl1-3'UTR was mixed with 25, 50, and 125 ng of unlabeled Cl2A1-470,486-504 (10 U's), Cl2A1-470,485-504 (9 U's), and Cl2A1-504 (no U's); added to Xenopus extracts; and irradiated with UV light. The samples were analyzed as described for panel A. for binding to the 36-and 45-kDa proteins, Cl2A1-74 RNA was an even better competitor.
In a final competition experiment, we have examined the ability of Cli RNA to bind the 36-and 45-kDa proteins in the presence of C12 RNAs whose CPEs have different numbers of uridine residues. As shown in Fig. 6B , a C12 RNA with no CPE did not compete for the binding of either protein. When the CPE had 9 uridine residues, it competed somewhat for the binding of the 45-kDa protein, and when the CPE contained 10 uridine residues, it competed for the binding of both proteins. Therefore, these data, together with those presented in Fig. 4 and 5, show that the 36-and 45-kDa proteins bind most tightly to the Cli and C12 CPEs when they contain 10 or more uridine residues.
DISCUSSION
In an earlier study, Simon et al. (33) showed that a maternal mRNA, C12, required a poly(U) CPE and AAUAAA hexanucleotide to undergo cytoplasmic poly(A) elongation, and subsequent translational activation, in early Xenopus embryogenesis. In this study, we have demonstrated that an additional maternal mRNA, Cli, also requires a poly(U) CPE for embryonic polyadenylation. These results suggest that the poly(U) CPE may be a general regulatory element for those RNAs that undergo cytoplasmic polyadenylation in embryos. However, only two Cl-type RNAs were identified by Paris et al. (24) in their original differential hybridization using poly(A)+ RNA from eggs and cleavage-stage embryos. To identify additional maternal transcripts whose expression in early embryos may be regulated by CPE-dependent polyadenylation, we screened the GenEMBL database, a sample from which is presented in Table 1 . RNAs encoding such proteins as the activin receptor, noggin, and fibronectin all contain long U stretches in their 3'UTRs, which we hypothesize could function as CPEs.
Developmental regulation of cytoplasmic polyadenylation.
Although Cli and C12 RNAs have nearly identical CPEs, they are polyadenylated at different times during embryogenesis (33) (Fig. 1) . At least one parameter responsible for this is the position of the CPE relative to the hexanucleotide. For example, C12 RNA contains a CPE that resides 55 nucleotides upstream of the 3' end and has a distance of 31 nucleotides between the two cis elements. This RNA is polyadenylated by about 50% 3 h after injection. When the distance between the cis elements was reduced to 10 nucleotides, the RNA was polyadenylated by 100% 1.5 h after injection, which was the earliest time tested (33) (Fig. 2) . Cli RNA, whose CPE is 271 bases upstream of the most distal hexanucleotide, is polyadenylated by about 50% at 9 h after injection. A deletion of the sequence between the cis elements, which brings them within 14 bases of one another, results in 100% polyadenylation at 1.5 h (RNA Cl1A235-505AUUAAA; Fig. 2 ). In addition to timing, the length of the poly(A) tail that the RNAs acquire also is affected by the number of nucleotides between the two cis elements. That is, the 80-base poly(A) tail acquired by Cli RNA is increased to about 120 bases in C11A235-505AUUAAA. Thus, the timing and extent of embryonic polyadenylation are defined not by an additional element but instead by the proximity of the two cis elements. In this respect, embryonic polyadenylation differs from that which occurs during oocyte maturation. Although maternal mRNAs are polyadenylated at different times and to different extents during oocyte maturation, this might be due rather to slight differences in the maturation-type CPE and not to the distance between the CPE and the hexanucleotide (21, 26, 32) . Indeed, one report shows directly that RNAs containing the cis elements in proximity do not gain a longer poly(A) tail during maturation as might be predicted from the results obtained with Cli and C12 RNAs during embryogenesis (26) .
In addition to the CPE and hexanucleotide, both Cli and C12 RNAs have a third element that prevents precocious polyadenylation during oocyte maturation. For C12 RNA, a 468-base sequence which includes the CPE prevents polyadenylation during maturation but not embryogenesis. The Cli RNA masking element contains at most 326 bases, although the contribution of the CPE to the inhibitory function of this sequence has not been determined. Surprisingly, a comparison of the two masking elements reveals no similarities in sequence or secondary structure. Moreover, neither the Cli nor the C12 masking element shows any sequence similarity to the 3'UTRs of the RNAs shown in Table 1 (33) . Similarly, the 36-kDa protein photo-cross-links to a C12 RNA that contains a CPE with 10, but not 9, uridine residues (Fig. 4) Recently , it has been shown that cleavage and polyadenylation specificity factor (CPSF), a complex of at least three proteins that recognizes AAUAAA and that is known to be important for nuclear polyadenylation (reviewed in reference 30), may be involved with cytoplasmic polyadenylation as well (3) . One might hypothesize that CPE-binding proteins are the specificity factors that dictate which RNAs are polyadenylated at specific times during development and that CPSF recruits a poly(A) polymerase (PAP) to extend the poly(A) tail.
In one model for the regulation of poly(A) elongation of Cli and C12 RNAs in Xenopus embryos, cytoplasmic polyadenylation is prevented in oocytes by a repressor protein(s) that binds to the masking element. Such a protein could recognize a structure or sequence. Although the repressor probably does not prevent the binding of proteins to the CPE (Fig. 4A) , it could inhibit their activity. In the embryo, the repressor protein might be destroyed and thereby allow an interaction between the CPE-binding proteins (p36/p45) and possibly CPSF, which subsequently facilitates PAP recruitment and poly(A) addition. Clearly, the isolation and characterization of the factors involved in embryonic polyadenylation are required to test this model.
